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Multiferroic materials have received much attention because of their wide range of applications such as the nonvolatile random-access memory, the nanoscale sensors, the photonic crystals, and the biologically inspired nanostructures [1] [2] [3] [4] . There are three well-known forms of the ferroic orders in correlation with the spontaneous magnetization (ferromagnetism), the electric polarization (ferroelectricity), and the spontaneous strain (ferroelasticity), respectively. Ferroelectricity often accompanies ferroelastic strain, so ferroelectric (FE) domains tend to form in simple elongated configurations such as stripes [5, 6] . On the other hand, it is also noted that the localized magnetic and FE domains have been also investigated in certain remarkable systems, e.g. the magnetic bubbles, have been observed in magnetic films under applied magnetic fields and used to build experimental devices that are of great interest in engineering practical electronic devices [7] [8] [9] . In this paper we will report on structural features and polarization configurations for the annular domains observed in hexagonal manganites. In addition, it is also demonstrated by using Monte Carlo simulations based on the six-state clock model that annular domains can appear in a large temperature range and often coexist with vortex domains in KT ordered state.
Recent investigations of layered hexagonal RMnO 3 (R = Ho-Lu, Y and Sc) have revealed interesting FE domain structures and remarkable physical properties, such as 'cloverleaf' vortex structures [10] and anisotropic conductivity at domain walls [11] .
In order to clearly reveal the microstructural features of the ferroelectric domains at a high spatial resolution, we combined transmission electron microscopy (TEM), scanning electron microscopy (SEM), and piezoresponse force microscopy (PFM) for 4 our analysis. In particular, we have demonstrated that scanning secondary-electron microscopy with operating voltage (V 0 ) less than 1kV could be a powerful technique to directly reveal the FE domain/wall structures [12] . In addition, we also performed Monte Carlo simulations on the 2-dimensional six-state clock model for the triangular lattice with the periodic boundary conditions, as similarly reported in Ref. 13 and 14. We begin by considering the experimental data obtained from as-grown ErMnO 3 crystals. Figures 1(a) and (b) show two typical SEM images, illustrating the structural features of FE domains on the a-b plane. It is recognizable in Fig. 1 (a) that microstructure features in this area are apparently dominated by circular domains with amazing profiles. Furthermore, we also performed our extensive observations on the structures of domain walls, in particular for circle-like domains with the sizes between 0.5 and 5 μm. Our observations demonstrate that, though a certain single-wall domains can be observed, a large fraction of these annular domains in ErMnO 3 adopt a double-wall structure as typically shown in the inserted image of Fig. 1(a) , in which the two domain walls can be clearly seen as two bright circles. These facts suggest that the double-wall structure could be an energetically favored structural pattern in ErMnO 3 , certain similar domain walls have been also observed by Chae et al. [13] .
In addition to the annular domains, extended stripe domains as generally discussed in conventional ferroelectric materials, such as PbTiO 3 [15, 16] , also appear in the as grown ErMnO 3 crystals. Actually, we can often see notable domain bands caused evidently by the interplay among stripe and annular domains. In Fig. 1(b) , we show a set of stripe domains and domain bands lining up roughly along the [110]-axis direction. It is notable that each domain band originates from a rectilinear ferroelectric 5 domain which exhibits visible interaction with the annular domains, as a result, the stripe domains in Fig. 1(b) often adopt zigzag profiles surrounded by circular domains.
Since stripe domain patterns are considered to be the ground state [13] , then the appearance of annular domains reveals that the system enters a low-energy excited state.
Another important issue concerned in present study is the three-dimensional structural features of the annular domain structures. We therefore performed our observations perpendicular to the c-axis direction to reveal the side views of domain shells. In Fig. 2 , we show a series of structural models for FE circular domains with different shell structures ( Fig. 2(a) ) and the relevant experimental images of domain walls as observed by SEM ( Fig. 2(b) ). It is recognizable that these circular structures can be well indexed respectively by its annular number n (i.e. the domain shells).
Importantly, it is also recognizable that FE onion domains with n = 1 show very similar structural features with the known magnetic bubble domains which have been used commonly to build electronic devices [8, 9] , these facts suggest that these ferroelectric bubbles might be modulated by electric filed.
In order to understand the essential structural features for the annular domains, we have employed the Monte Carlo simulations on the 2-dimensional six-state clock model for the triangular lattice, and the Hamiltonian used in our study is similar with that in Ref. 13 six-state clock model study. Moreover, the structural configurations, as well as the poling features, for each domain can be directly read out from this simulated image as clearly illustrated in the inserted images. According to our theoretical data, the double-wall structure could have the configurations of (α
On the other hand, it is also noted that the annular domains could commonly appear at room temperature in RMnO 3 crystals. This fact suggests that this kind of domains can also be arrested by slow kinetic and strong pinning features as discussed in Ref. 13 .
We now consider the atomic structures in correlation with the poling configurations and mechanism for the formation of annular domains in RMnO 3 . In Fig. 3(b) , we show a schematic illustration in the upper panel for the Er displacements as measured qualitatively for an Er layer as indicated by an arrow in Fig. 3(a) . In order to facilitate the comparisons and structural analysis, we show three schematic pictures illustrating structural features of interlocked ferroelectric and antiphase boundaries in the lower panel of Fig. 3(b) , it is exhibited that the ferroelectric boundaries can be interlocked respectively with two types of antiphase boundaries, i.e., (FEB + APB1) and (FEB + APB2). In comparison with the experimental data, we can conclude that the observed domain wall in Fig. 3 
Experimental investigations in the RMnO
which seldom appear in the simulations. It implies that this type of structure is 9 unstable in this system and the two circle walls can be coalesced together and vanished.
In previous literatures, structural changes of the vortex domains in YMnO 3 have been studied under applied electric fields to reveal its dynamic features [11] . Based on our recent investigations, both the vortex and annular domains in RMnO 3 it has the double-layered walls as indicated by an arrow in Fig. 4(a) , the polarization between these two walls can be determined to be along the view direction. Under electron irradiation, its outer wall tends to expand and, in contrast, the inner wall shrinks, then the outer wall touches and coalesces with a nearby vortex as shown in Fig. 4(b) . As a matter of fact, the radius of the inner circle could decrease continuously and finally become totally disappears (see Fig. 4(c) ). Moreover, the coalition between two single-layered domains has been also noted on the right part of these images (indicated by red arrows). In the present case, it is noted the domain 10 reorganizations turn to be stop about 10 seconds later and yield remarkable large FE domains as shown Fig. 4(b) .
The interplay among domains walls of domains can be also observed in our experiments. As mentioned in above context, there are two kinds of domain walls, the experimental data clearly demonstrate that the boundary coalitions only happen among the same type of walls. In addition, according to our observations, two different kinds of walls never coalesce even they are close to each other. These facts suggest that the model shown in Fig. 3(c) is an energetically favored structure in present system.
We now go on to discuss the fundamental properties of multi-layered annular domains in RMnO 3 . Figure 5 21 Figure 5 
